We study reflection of optically spin-oriented hot electrons as a means to probe the semiconductor crystal symmetry and its intimate relation with the spin-orbit coupling. The symmetry breaking by reflection manifests itself by tipping the net-spin vector of the photoexcited electrons out of the light propagation direction. The tipping angle and the pointing direction of the net-spin vector are set by the crystal-induced spin precession, momentum alignment and spin-momentum correlation of the initial photoexcited electron population. We examine non-magnetic semiconductor heterostructures and semiconductor/ferromagnet systems and show the unique signatures of these effects.
The intimate relation between the spin-orbit coupling of crystals and their symmetry is a theme of on-going research for more than a half-century [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The rapid progress of spintronics research has provided new powerful techniques to study this relation [15] . In semiconductors it is readily seen in the valence band energy dispersion [1, 2] , in spin relaxation of electrons [3] , or in optical selection rules [4, 5] . In magnetic materials this relation sets the magnetocrystalline anisotropy and magnetostriction constants [13, 14] . In this letter, we study intriguing results of this relation which depend on the spin-momentum correlation and coherent spin precession of photoexcited electrons in bulk semiconductors.
Using symmetry breaking by reflection we show that the net-spin vector of photoexcited electrons is tipped away from the light propagation axis. We explain the dependence of the tipping on spin-momentum correlation and coherent spin precession, and then calculate the tipping angles with partial, complete, nonmagnetic and magnetic reflections. In prospective experiments, one can measure signatures of the correlation and coherent precession by probing the tipped net-spin vector rather than the coherent distribution of photoexcited electrons. One clear advantage is that the net-spin vector decays orders of magnitude slower than the coherence time.
We first explain the correlation tipping phenomenon in a photoexcited direct gap semiconductor. Figure 1(a) shows the momentum alignment and spin-momentum correlation of electrons immediately after photoexcitation. The shown distributions are compactly derived by using the spherical model at the top of the valence band [1] and s-type states in the conduction band. The density matrix of photoexcited electrons is then [4, 5] ,
k (ê) is the unit vector in the direction of electron momentum (light polarization).σ (I) denotes the Pauli matrix vector (the 2 × 2 unit matrix). The photon angular momentum unit vector is defined byp ≡ iê ×ê * . For linearly polarized lightp = 0 and for circularly polarized light, ê ·k
The parameters α, S and β are, respectively, measures of momentum alignment, of average spin and of spin-momentum correlation. S(t) decays exponentially with the spin relaxation time from initial value S 0 ≈ −1/4. α(t) and β(t) decay exponentially with the much shorter momentum relaxation time from their initial values α 0 ≈ β 0 ≈ ±1 [16] . The lower/upper sign is for transitions with heavy/light holes. Finally, F (t, k) relates to the density of excited electrons. Figure 1(b) elucidates the correlation induced tipping effect for electrons that are generated with heavy holes. This effect is governed by transmission of electrons immediately after excitation (prior to the decay of β(t) in Eq. (1)). For example, consider electrons that propagate parallel and perpendicular to the reflection plane (shown in Fig. 1(b) by the two spins on the edges of the dash line and the two spins along ±n). Their net spin is not collinear withp due to missing electrons along −n. Similar explanation holds for other spin and momentum directions. The overall effect is that the net-spin vector changes from S 0p to S 0 [(1 − δ a )p − δ b (p ·n)n] where δ a and δ b are measures of the transmission amplitude.
The second tipping phenomenon results from intrinsic spin precession of electrons in semiconductors without inversion symmetry [3] . The precession is due to a torque exerted by the electron's effective magnetic field whose components are
where {k i , k j , k m } are the electron's wavevector components along the crystallographic axes. Figure 1 (c) shows the intrinsic spin precession of photoexcited electrons immediately after generation. Electrons that move in opposite directions have similar initial spin direction but precess at opposite angles. The net angle precession of the pair is zero on average. This picture is changed by specular reflection of one of the electrons off an interface as shown in Fig. 1 
(d).
Here, k z and B z of an electron flip signs after specular reflection whereas its spin components {S x , S y , S z } remain unchanged. This causes S x and S y to 're-phase' to some degree due to the flip of B z whereas S z keeps its precession unperturbedly. The net effect is that transverse spin components with respect to the normal of the reflection plane decay slower than the longitudinal component. This effect is robust in both complete or partial reflection and it can be further amplified by multiple interface reflections. Scattering events reduce the magnitude of the net-spin vector but they do not change its direction. We will show that in spite of a notable Dyakonov-Perel spin relaxation of hot electrons the net-spin vector after energy relaxation remains measurable.
The time evolution of photoexcited electrons is studied by extensive Monte Carlo simulations [17] . The initial wavevector and spin directions are randomized according to the distributions in Eq. (1). The initial electron density follows the light attenuation profile. We use the effective mass approximation in calculating electron transport and quantum mechanical transmission probabilities across interfaces. Effective masses, band-gaps and band offsets are taken from Ref. [18] . Momentum and energy relaxations of hot electrons are simulated by the Fröhlich interaction [19] . Between scattering and reflection events the spin precesses about its intrinsic field. The simulation
Al x Ga 1−x As GaAs AlAs ends when electrons reach the bottom of the conduction band (typically after 1 ps). Spin relaxation at later times occurs on >1 ns time scales [12] . We first study the tipping effects in non-magnetic heterostructures. To distinguish between correlation and precession induced tipping we employ two setups of the heterostructure AlAs/GaAs(50 nm)/Al x Ga 1−x As(50 nm) /Al 0.05 Ga 0.95 As [20] . The structure, shown in Fig. 2(a) , ensures that confinement effects are negligible and all regions are bulk in nature. Setup (i) includes a high inner barrier (x=0.25) for which the potential steps are E 1 = 230 meV & E 2 = 185 meV (see Fig. 2(a) ). The tipping angle is governed by spin precession of hot electrons in the GaAs region prior to thermalization while bouncing back and forth from the potential walls. Setup (ii) includes a shallower inner barrier (x=0.1) for which the potential steps are E 1 = 90 meV & E 2 = 45 meV. For certain photon energies there is a favored net transmission from the GaAs region to the Al 0.05 Ga 0.95 As region. The spins of transmitted electrons are mostly aligned with the interface normal rather than the optically injected spin direction. In both setups, quantum tunneling across the 50 nm inner barrier is negligible. Figure 2 (b) shows the dependence of the tipping angle on the light propagation direction for various photon energies. ∆ r is the tipping angle of the net-spin vector in the GaAs region after energy relaxation. θ is the angle between the photon angular momentum (p) and the interface normal (n) as shown in Fig. 2(a) . We first focus on the results of setup (i). The tipping angle is maximized when light propagates along the 101 & 011 crystallographic axes (θ = π/4) due to the faster spin precession along these directions. Similarly, the tipping angles increase with photon energies due to the enhanced precession of electrons. Figure 2(c) shows the tipping angle as a function of photon energy when θ = π/4. The net-spin vector after energy relaxation remains measurable in all of the studied excitation range. Figure 2(d) shows the time evolution of the net-spin along the crystallographic axes for θ = π/4 and photon energy of 1.75 eV. The aforementioned rephasing effect is seen in the slower decay of S x during the energy relaxation in the first 0.5 ps (the z component of the intrinsic field changes direction with each reflection). At later times (>1 ps) the precession frequency and spin relaxation are much slower.
Figure 2(e) shows correlation induced tipping angles as a function of photon energy when θ = π/4. As a reference, we also simulate a case where momentum alignment and spin-momentum correlation are neglected (dash line). In the latter case, only spin precession during the initial coherent phase induces the tipping angle. The first sharp increase is reached when electrons have enough energy to cross to the barrier region. The missing transmitted electrons have spin components mostly alongn (generated with heavy holes). This increase is then suppressed (plateau region) by the backward transmission from the Al 0.05 Ga 0.95 As [21] . The following drop is due to the transmitted hot electrons generated with light holes from both sides of the barrier (see Fig. 1(a) for the differences in spin-momentum correlation of the heavy and light holes cases). Further increase of photon energy suppresses the correlation induced tipping mechanism due to the increased precession rates.
Partial reflection off a ferromagnet provides unique signatures of momentum alignment and spin-momentum correlation that are interwoven with the magnetization direction of the ferromagnet. We perform detailed Monte Carlo simulations for the heterostructure in Fig. 3(a) . It consists of Fe/GaAs(150 nm)/Al 0.3 Ga 0.7 As(50 nm) /Al 0.25 Ga 0.75 As(50 nm)/AlAs. For certain photon energies reflected hot electrons from the Fe/GaAs interface reach region I (Al 0.25 Ga 0.75 As) only if they do not experience energy relaxation in the GaAs region. In addition, the spins of these electrons do not precess in their short passage since their motion is along a crystallographic axis (n =ẑ). Partial and spin selective reflection across the Fe/GaAs interface is modeled by a 0.5 eV high and 6 nm wide parabolic Schottky barrier [17] . Figure 3(b) shows the tipping angle after energy relaxation in region I as a function of the photon energy. At photon energies just below the band-gap of region I, transmission from the GaAs into region I across the inner barrier is possible only for electrons that are generated with heavy-holes and that are directed alongn. This is shown in the low energy side of Fig. 3(b) . Since the spin direction of these electrons is parallel to their wavevector, the tipping angle is simply the angle between the optically injected direction andn. The step occurs when electrons are photoexcited in region I and the net-spin becomes aligned with the optically injected spin direction (the transmitted electrons from the GaAs region are shadowed by the density of photoexcited electrons in region I). 
In the optimal case (p ·n = 1/ √ 2) the tipping angle is ∆ ≈ δ b /2 where for the precession induced tipping (setup (i) in Fig. 2(a) ) [17] ,
γ p,n=0 ≈ 0.06 and γ p,n>0 ≈ 0.08 are integration parameters, E g is the energy gap, and α c is a measure of the spin-orbit coupling strength in the conduction band [3] . E LO is the longitudinal-optical phonon energy and τ LO is the associated scattering time. N = ( ω − E g )/E LO denotes the number of phonon emissions prior to relaxation to the bottom of the band. For the correlation induced tipping (setup (ii)) we get,
in the low photon energy regime (before the plateau in Fig. 2(e) ). γ c ≈ 0.4 is an integration parameter and β 0 corresponds to the correlation parameter of electrons generated from heavy holes.
is the heavy-hole (electron) effective mass and E 1 is the barrier height (see Fig. 2(a) ). Using Eqs. (2)-(3), the spin orbit coupling parameters α c and β 0 can be extracted from experiments [17] . In the magnetic case of Fig. 3(a) we can also work out the tipping angles since precession effects are small (electrons reach the interface prior to momentum scattering). Here, the integrated surface density of the net-spin vector after magnetic reflection reads,
−1 is the light absorption coefficient and n 0 is the photoexcited electron density. λ i (δ i ) are isotropic and uncorrelated (momentum aligned and spin correlated) integration parameters that depend on the barrier transmission. The total reflection is spin independent and governed by λ 0 & δ [17] . Previous experimental investigations of the ferromagnetic proximity effect [22, 23] and their ensuing theories [24] [25] [26] [24] . Our analysis shows that in properly designed structures, correlation induced signatures are experimentally resolvable by thep ·n amplitude dependence of the nonmagnetic (n) and magnetic (m ×n) spin components.
In conclusion, reflections off non-magnetic semiconductor heterojunctions and semiconductor/ferromagnet interfaces have been shown to be a powerful tool to study coherent effects of the crystal symmetry and spin-orbit coupling. Tipping the net-spin vector out of the optically injected direction is a measure of these effects. The predicted tipping angles are noticeable and can be probed, for example, via the photoluminescence of energy relaxed free excitons. The tipping angle corresponds to the angle at which the detected circular polarization is maximal. Tunable parameters are the photon energy and light propagation direction. The tipped net-spin vector would ultimately evolve in hyperfine interaction and polarize the nuclear spin system. In this case, ultrafast decaying coherent effects that result from the crystal symmetry and spin-orbit coupling can be inferred by the 10 10 slower dynamic polarization of the nuclear system. This work is supported by AFOSR and NSF (Contracts No. FA 9550-09-1-0493 and ECCS-0824075). We deeply thank Dr. Scott Crooker for helpful insights.
